Stirling power conversion is being considered for use in a radioisotope power system for deep-space science missions because it offers a multifold increase in the conversion efficiency of heat to electric power. Quantifying the reliability of a radioisotope power system that utilizes Stirling power conversion technology is important in developing and demonstrating the capability for long-term success. A description of the Stirling power convertor is provided, along with a discussion about some of the key components. Ongoing efforts to understand component life, design variables at the component and system levels, related sources, and the nature of uncertainties is discussed. The requirement for reliability also is discussed, and some of the critical areas of concern are identified. A section on the objectives of the performance model development and a computation of reliability is included to highlight the goals of this effort. Also, a viable physics-based reliability plan to model the design-level variable uncertainties at the component and system levels is outlined, and potential benefits are elucidated. The plan involves the interaction of different disciplines, maintaining the physical and probabilistic correlations at all the levels, and a verification process based on rational short-term tests. In addition, both top-down and bottom-up coherency were maintained to follow the physics-based design process and mission requirements. The outlined reliability assessment approach provides guidelines to improve the design and identifies governing variables to achieve high reliability in the Stirling Radioisotope Generator design.
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Introduction
The NASA Glenn Research Center and the Department of Energy (DOE) are developing a free-piston Stirling power convertor to be used in an advanced radioisotope power system for future NASA deepspace science missions. The Stirling Radioisotope Generator (SRG) is being evaluated as an alternative to replace the Radioisotope Thermoelectric Generators with a power system having a multifold increase in efficiency. For an equivalent level of power, the SRG will reduce the inventory of the radioisotope fuel by a factor of 4 in comparison to the Radioisotope Thermoelectric Generators. Stirling radioisotope power systems similar to those being developed today were initially studied at Glenn in the late 1980s (ref. 1). The current free-piston Stirling effort is the result of two efforts: (1) a 1997 DOE-sponsored study that found the Stirling concept to be the most mature option of the advanced power convertor concepts under consideration (refs. 2 and 3) and (2) the joint industry/Government Stirling Technology Readiness Assessment team of 1999 (ref. 4) . DOE, which is responsible for providing radioisotope power systems for NASA missions, managed the recent development of the free-piston Stirling power convertor for this application. Glenn has been involved in the development of Stirling power conversion technology for over 25 yr and is currently providing technical support to DOE.
It is important to assess the reliability of the Stirling convertor and the SRG because this is new technology, with an operation unlike that of the Radioisotope Thermoelectric Generators used in the past. Prior to quantifying the reliability of the SRG, it is important for one to understand that reliability is the probability that parts, components, subsystems, or systems will perform their designed-for functions without failure in specified environments for a desired period of time (ref. 5) . No matter what analytical technique is used, the result will be an estimate of the probability of success that is called the reliability. Reliability assurance for planetary missions is a challenging task.
The new radioisotope power system to be developed for NASA deep-space missions will be required to perform efficiently and reliably without maintenance. These missions are typically long lived, lasting for up to 14 yr. The reliability of the SRG should be assessed over the life of the mission, including prelaunch handling, assent, space flight, possible descent to a planetary surface, and the mission itself. The SRG consists of five major components and subsystems-the heat source, the Stirling power convertor, the structure, the radiator, and the control electronics-and other associated hardware. In order to achieve the desired performance objective and assured success of the power system, it is necessary to perform feasible component-, subsystem-, and system-level tests to validate the design. However, because of technical limitations, in addition to time and cost constraints, it may not be possible to run long-term tests that simulate the actual operating conditions. Because many of the wear-out failure mechanisms that might normally be encountered by moving and contacting parts have been designed out of the Stirling convertor, it may not be possible to precipitate enough failures through life testing or accelerated life testing to estimate the operational life of the Stirling convertor. System-level interactions and variations in processing will likely become the dominant contributors to the total system reliability. The SRG design must achieve a level of reliability that promotes minimal risk to the success of the mission.
The design variables governing the performance and life of the SRG will have uncertainties from different sources. The reliability of individual components is one necessary input to evaluate system reliability. The key to obtaining the best estimate of system reliability is to obtain the best estimate of component reliabilities. The concept is that the reliability of the SRG be derived from the uncertainties of the design variables or physical parameters. If data on the design variables are lacking, the uncertainties can be inferred from data on similar equipment or from expert advice.
Developing a mission-ready generator requires knowledge of (1) the interaction of components with one another, and (2) of the effect of design variables on the performance of the components, the subsystem, and the system. Because of the highly integrated, multidisciplinary nature of the SRG, it is difficult to establish the functional, physics-based relations to determine system-level reliability. Typical engineering design practice makes use of factors of safety and margins to guide the design. It is worth noting that there have been great advances over the past decade in reliability-based designs and that the industry has moved toward developing products and systems based on reliability-based designs (ref. 6). These innovative concepts have resulted in cost-effective, efficient, safe, and reliable products. Although reliability-based design approaches are gaining acceptance by the industry, they have not become a part of design standards (such as the ASME Boiler Code, the MIL design handbook, etc.), certification processes, or mandatory legal requirements. Thus, the current use of reliability quantification has become a complementary tool to the well-established deterministic methods of design for deriving a greater confidence in the design. Under this philosophy, the Stirling project at Glenn has developed an initial reliability quantification plan. Knowing the probability of success for the intended mission is thought to be more valuable in assessing power system options than knowing about factors of safety and design margins.
Designers often use computer simulations or virtual experiments to understand the behavior of components and/or systems under different design and operating conditions and to estimate reliability. Simulations can often be performed at lower cost and within a shorter time period than system-level tests. They also enable engineers to quantify the impact of variations in critical design variables on system-level performance. In addition, computer simulations can be validated with available test data, and system performance models can be enhanced to consider the interactions between components and the applicable design variables.
Stirling Radioisotope Generator
The Stirling convertor is a free-piston Stirling engine that has been integrated with a linear alternator in a common pressure vessel. This device converts thermal energy from the decay of a radioisotope heat source into electric power at a fixed frequency. As part of the Stirling technology development at Glenn, efforts have focused on minimizing and/or eliminating life-limiting mechanisms. The Stirling convertors currently being considered for flights do not have rubbing piston seals, oil lubrication systems, or other wear mechanisms, but rather they achieve noncontacting operation of the moving components through the use of flexures. Thus, the Stirling convertor was developed for long life and high reliability through a design process that eliminated wear-out failure mechanisms. The specific Stirling convertor being transitioned to flight is the Technology Demonstration Convertor (TDC) that was developed by the Stirling Technology Company of Kennewick, Washington (ref. 7) . The TDC was sized to use the nominal 250 W of heat provided by a DOE general-purpose heat source module. A total of 16 TDCs have been built, four of which have been used in a wide range of tests at Glenn and are shown on test stands in figure 1 . Critical components governing the performance and reliability of the convertor are the heater head, regenerator, displacer, flexures, clearance seals, cooler, linear alternator (magnets, stators, and coils), and the controller. The controller acts as a load for the convertor by processing the electrical power generated at the desired voltage to maintain the desired piston amplitude. The controller also corrects the power factor, rectifies the alternating-current power, and filters the output. Key components in the Stirling convertor and a description of their functions are shown in figure 2.
Two Stirling convertors and general-purpose heat source modules will be integrated into a generator referred to as the SRG. Following a competitive procurement by DOE, Lockheed Martin Astronautics of Valley Forge, Pennsylvania, was selected as the system integration contractor (ref. 8) . A cutaway of the generator design developed by Lockheed Martin is shown in figure 3. The power system for a mission would consist of one or more generators to achieve the required power level. Each generator has two Stirling convertors operating in a synchronous mode to produce a dynamically balanced unit. The power system architecture chosen for a mission may incorporate a redundant generator to be used as a backup in the unlikely event of a single generator failure. A reliability assessment of the power system must consider the operational presence of all the units. Although the concepts are simple, the design for long life with the required performance and assured reliability is a challenging task.
Objectives
Deep-space missions are expected to have lives up to 14 yr or more. A reliable supply of uninterrupted power that meets all the mission power-quality requirements is necessary to achieve mission success. Radioisotope power systems of the past have been able to achieve this objective; however, they have done so with an efficiency that is substantially lower than that of the proposed SRG. In the SRG, the reliability of the Stirling convertor is a key to meeting the generator and power system reliability requirements. The state-of-the-art in Stirling convertor development is the culmination of more than 25 yr of technology development efforts at Glenn and of approximately 35 yr in the free-piston Stirling industry. Over this period, many changes in the development process occurred to establish the viability of this energy-conversion technology. As a result, the engineering design calculations and test results appear to indicate that the Stirling convertor of today has the potential for being a reliable machine. Glenn's Stirling project office has led a technology development effort that involves several engineering areas, including materials; mechanical, electrical, structural, and thermal components; controllers; and sensors. Similar to the development of many components, the Stirling convertor faces manifold reliability issues because of uncertainties in the design variables, manufacturing processes, integration process, and human interaction. However, it should be noted that many components of the system have been successfully tested individually, as well as at the subsystem level, over a long period of time under various environmental and operational conditions. Nonetheless, it is important to establish (quantify) the reliability of the convertor and the generator (SRG) to develop reliability and instill confidence.
Reliability of the Stirling convertor has been a key element in the development of the TDC and SRG. Focused efforts have been underway on some of the key components, such as the heater head and the linear alternator permanent magnets (ref. 9). These components were highlighted in a failure mode and effect analysis of the convertor (ref. 4 ). An effort is currently being planned to quantify the reliability of the Stirling convertor, with future expansion to encompass the generator.
As previously mentioned, reliability of the SRG should be assessed over the life and for all phases of the mission. The design must achieve a level of reliability that promotes minimal risk to the mission. Since the convertor and generator have multidisciplinary components, and their interactions are involved in the operation, it is essential to not only consider individual component failure but also its role at the system level. Over and above assuring reliability from a design point, it is important to verify the assessment process through comparison with existing test data, when available. Considering the practical cost and time limitations of obtaining long-life (3 yr for Mars and up to 14 yr for deep-space missions) test data, one must develop and use testing procedures that are relevant to assessing the reliability and verifying the analysis.
Uncertainty in Design
Experience has enabled scientists and engineers to learn about uncertainties from various disciplines involved in the Stirling convertor. The most important uncertainties are those related to the mechanical (structural), electrical, electromagnetic, electronics, and thermal management disciplines. Uncertainties related to structural aspects of the convertor are mostly related to the heater head and the flexures. The heater head is the only structural part of the convertor that is subject to high-temperature loads resulting in creep that could affect the operational life. Efforts over the last 2 yr have led to a reliability-based longlife heater head design (ref. 10). Other structural parts, such as the flexures and housing, have been designed far beyond their endurance limits with little impact on the mass and overall performance of the convertor. The proposed reliability effort will focus on the nonstructural areas of the Stirling convertor and the generator.
One important aspect of performing a system reliability assessment relates to the definition of the system. This is true in the case of the Stirling convertor and the SRG. As described earlier, a power system for a deep-space mission involves at least one and, very often, up to three SRGs. Each SRG contains two synchronously operating, balanced Stirling convertors and can be considered a standalone unit. The number of SRGs may or may not include one generator for redundancy, to supply power in the event of one failed SRG. Although all the Stirling convertors and SRGs will be manufactured from the same design and manufacturing procedures, and from nominally identical materials, there is a basis for believing that all units would not fail from the same failure mechanism. Failures are not anticipated to be design related, rather they would be dominated by process-related events and/or human-interactionrelated issues. Therefore, a redundant SRG would, in fact, act as a risk-mitigation measure at the powersystem level. We acknowledge that the application of redundancy in the power system assumes that care was taken in the SRG design to prevent common-cause failure mechanisms. Thus, redundancy is expected to enhance the reliability of the entire power system, and in turn, of the mission.
Reliability Prediction Approach
Quantification of the Stirling convertor and generator reliability requires the knowledge of analytical approaches and the physics involved. A variety of approaches have been developed and applied to general reliability analysis over the past few decades. Several of the techniques have been applied to engineering solutions and have been proven to be meaningful by leading to successful designs. The reliability of individual components is a necessary input to the system reliability analysis. Development of a system reliability model that represents the SRG requires a synthesis of various reliability analysis methods. Component reliabilities may be determined by different failure distributions such as exponential (electronics) or Weibull (mechanical), or they may be determined by using another approach that does not involve time-to-failure data from life testing. The technical approach to be adopted in the reliability plan development and analysis relies largely upon the nature and the source of uncertainties, the disciplines involved, the behavior of the components and/or systems, and the governing physics. Another logical approach would be to perform accelerated life testing at elevated environmental conditions that exceed levels for a typical planetary or deep-space mission. The idea would be to induce SRG failures resulting from design weaknesses over a reasonably short period of time. However, given the elimination of wearout failure mechanisms, accelerated tests may not reduce the test time necessary to accrue failures to a reasonable duration. The critical components for achieving long life in a Stirling convertor do not have a common acceleration mechanism, and therefore, accelerated life tests of the convertor and/or system are not possible. Considering the highly integrated, multidisciplinary nature of the SRG, it is not clear that traditional accelerated life tests could accurately predict the reliability of life. A radioisotope power system would consist of one or more SRGs, as shown in figure 4 . Each SRG includes two Stirling convertors and a controller. Since Stirling convertors and controllers are composed of many components, each can be considered as a subsystem. The reliability-based design and system reliability quantification of the power system involves (1) analytical quantification of component and system reliability and (2) verification of analytical results with the test data. The analytical and computational process involves the following general steps:
(1) Determine and describe the intended operating environment, mission reliability requirements, scenarios, timeline, and mission success as they relate to the power system.
(2) Identify the components, subsystems, interfaces, and system boundary.
(3) Identify the disciplines for each component and subsystem and for the system in general. (4) Identify the component-and system-level design variables that are critical from an uncertainty and reliability viewpoint.
(5) Understand the physics behind the performance of individual components, and determine the interaction among components at the system level. Develop mathematical or phenomenological component and system performance models.
(6) Determine uncertainties at both the component and system level on the basis of the components and system, physics, phenomena, component behavior, and objectives of the analysis. (7) Collect data and quantify uncertainties related to the design variables at the component and system level.
(8) Quantify and predict the reliability at the component and system level. Identify the variables governing the reliability, and quantify their level of sensitivity.
(9) Validate and verify the quantification through comparison with test data at the component, subsystem, and system level.
(10) Develop guidelines to perform component-and/or system-level tests to verify the simulated results and develop confidence in the design methodology.
(11) Develop guidelines to improve the reliability and/or mitigate the risk. It is evident from these steps that component reliability needs to be evaluated first and that the computed component failure distributions should be used as input for system reliability quantification. Components such as the linear alternator, heater head, regenerator, displacer, clearance seals, controllers, and many other accessories are generally designed on the basis of fabrication technology, experience, and tests supported by computational simulations in related fields. Looking at several disciplines along with discussions with experts involved in Stirling convertor development has revealed that the important areas that need to be considered in the reliability quantifications include mechanical and electrical, thermal management, and controls. Structural components, other than the heater head, are not expected to be critical. The reliability-based design of the heater head is being finalized. Accelerated tests are being planned to verify the design, and testing should begin soon (refs. 9 and 10).
Owing to the multidisciplinary nature of the Stirling convertor, developing the performance models describing the physics and interaction among different components and subsystems is a difficult task. Existing models are empirical and have very limited mathematics behind them. Therefore, a sound knowledge of and experience with the deterministic approaches that are being used in the current development and design process of the Stirling convertor are of extreme importance in order to understand the sources of uncertainties as well as simulate their effects on the component and/or system performance. Mere knowledge of reliability, probability, and statistical theories would not be sufficient for this reliability assessment. The behavior of many of these components and their interactions at the component and/or system levels are not well defined mathematically, and they are considered to have discontinuous and discrete functions. Insufficient data related to the design variable uncertainties can be accounted for by computing the confidence bounds on the reliability estimates. On the basis of the previously outlined steps, figure 5 describes the component reliability procedure in general, which may vary depending upon the nature of the component.
Traditional probabilistic approaches-such as first-order second moment, second-order second moment, and fast probability integration-may not be suitable for a reliability assessment because of the high nonlinearity of component behavior, interactions among components, discreetness of some of the variables, and the nature of uncertainties (refs. 11 and 12) . However, in order to make a reliability prediction of the Stirling convertor, it is imperative that one have knowledge of reliability modeling and that reliability be expressed as the probability of success in the final answer. Techniques such as Monte-Carlo simulations and failure rate analysis methods for accessories may be more appropriate for Stirling convertors.
As mentioned earlier, the reliability analysis must address the probability over the desired life. A system reliability model requires a definition of the conceptual behavioral diagram (tree) of the components and the system, uncertainties in the component-level design variables, failure probability distributions of the components and the system, and failure definitions of the components and the system. The approach to system reliability prediction requires a coherent top-down and bottom-up analysis of an SRG. Either a fault tree or a success tree approach could be used to include component failure probabilities. A system success tree defines the logical and causal relationship between the events that bring about the top-level success event. The intermediate events on the second level or subsequent levels of the success tree define events that may occur independently or in combination to bring about the toplevel success event. Appropriate logic gates are used to further analyze each of these intermediate events at lower levels of the success tree. The success tree is developed as far as necessary, or to the level of basic events. Likewise, the complement of this same process, the fault tree, may be carried out.
The fault tree's bottom-up approach enables quantification of the effect of design variables at the component level as well as at the subsystem level, in a qualitative as well as quantitative manner, whereas the success tree's top-down approach ensures that overall mission requirements are met at all levels of the system. To simulate the effect of uncertainties in the variables at different levels on the overall system reliability, both physical and probabilistic correlations must be retained throughout the entire analysis. System reliability approaches such as fault tree analysis and success tree analysis (ref. 13 ) can be used, or reliability block diagrams can be applied. These methods use either Monte-Carlo or adaptive Monte-Carlo simulation methods to perform the system reliability computation. Fault tree and success tree approaches are complements of each other and can be used to encompass basic fault tree or failure events that may be caused by system command faults or human error. A fault tree tool can be used to find the cut sets: the combination of basic success events that can cause a top-level failure event. The minimal cut set can also be found: the smallest combination of basic fault events that result in a top-level failure event. The quantitative evaluations of a fault tree consist of the determination of the top-level event probability, the importance measures for the basic fault events, sensitivity studies, and uncertainty analysis. Uncertainty analysis calculates the variability in the fault tree top-level event probability resulting from uncertainties in the basic event probabilities. A typical flow diagram of the system reliability assessment for an SRG is given in figure 6 .
Other aspects of the reliability quantification plan are the quantification of uncertainties in the design variables and verification of the quantified component/system reliability with the test data. Design variable uncertainties have to be based on the available data, expert opinions, and judgment. Design variable uncertainties may not exist in the form of probability distributions, since many variables may not be continuous in nature as required by the probability distributions. Other forms of uncertainty modeling may need to be used in the process. Appropriate statistical methods will be required to quantify the design variable uncertainties. Another aspect of quantified component and system verification requires the availability of test data. Since tests cannot be performed for the design life, approaches to design accelerated tests, similar to those for the heater head, need to be developed. In addition to expertise in reliability analysis, a strong background and experience in related areas is needed to design such tests. The accelerated testing must be performed at the component as well as the system level. Since reliability assessment normally precedes testing, we suggest that the test data be used to support the verification process. Bayesian methods of reliability analysis (ref. 14) may prove to be appropriate for the verification process.
Life testing a manufacturing lot of maybe six or seven Stirling convertors under simulated mission conditions may not precipitate any failures over a period of years. The next logical approach would be accelerated life testing of components. Conducting accelerated life testing at environmental and stress conditions that exceed the expected levels for a typical deep-space mission, and extrapolating or interpolating the results is one way to verify the design reliability. The idea would be to induce failures resulting from design weaknesses over a short (and reasonable) period of test time in order to quantify the reliable life of the component or the system. The computational evaluation of the component or system using the methodology for long-term design can be performed with the variables used in the tests, and comparisons could be made to validate the accelerated tests. Accelerated test models can be used to interpolate or extrapolate the results to the expected mission variable levels to predict operating life.
Concluding Remarks
Reliability quantification of the SRG provides confidence in continuous performance and enables designers, fabricators, manufacturers, and system integrators to augment the certification process required for launch and success. Also, reliability-based design facilitates the development of cost and performance effectiveness, and it allows tradeoff studies to be performed between alternative designs. It is important to assess the reliability of the SRG because it is a candidate power-generation technology for long-duration space missions. Due to the fact that the Stirling convertor has been designed to eliminate wear-out failure mechanisms common with contacting parts and friction, it will be challenging to develop life tests. As a first step in the approach to reliability assessment, a methodology for reliability quantification has been proposed that combines system reliability modeling tools with the detailed and comprehensive evaluation of uncertainties in the design variables. In particular, the approach has been presented to derive component and system reliability from the uncertainties in the basic physical design variables. In addition, the approach presented will provide sensitivity to the physical variables governing the component and/or system reliability. Sensitivity information helps develop guidelines to improve the design reliability. It can also be used to develop quality control, inspection criteria, and procedures.
